The purpose of the present work is to investigate the spatial vibration pattern of the gerbil tympanic membrane (TM) as a function of frequency. In vivo vibration measurements were done at several locations on the pars flaccida and pars tensa, and along the manubrium, on surgically exposed gerbil TMs with closed middle ear cavities. A laser Doppler vibrometer was used to measure motions in response to audio frequency sine sweeps in the ear canal. Data are presented for two different pars flaccida conditions: naturally flat and retracted into the middle ear cavity. Resonance of the flat pars flaccida causes a minimum and a shallow maximum in the displacement magnitude of the manubrium and pars tensa at low frequencies. Compared with a flat pars flaccida, a retracted pars flaccida has much lower displacement magnitudes at low frequencies and does not affect the responses of the other points. All manubrial and pars tensa points show a broad resonance in the range of 1.6 to 2 kHz. Above this resonance, the displacement magnitudes of manubrial points, including the umbo, roll off with substantial irregularities. The manubrial points show an increasing displacement magnitude from the lateral process toward the umbo. Above 5 kHz, phase differences between points along the manubrium start to become more evident, which may indicate flexing of the tip of the manubrium or a change in the vibration mode of the malleus. At low frequencies, points on the posterior side of the pars tensa tend to show larger displacements than those on the anterior side. The simple low-frequency vibration pattern of the pars tensa becomes more complex at higher frequencies, with the breakup occurring at between 1.8 and 2.8 kHz. These observations will be important for the development and validation of middle ear finite-element models for the gerbil.
INTRODUCTION
Understanding the response of the middle ear to sound stimuli is highly dependent on knowledge of the tympanic membrane (TM) vibrations and they have been the subject of a number of studies, with laser-based methods being particularly valuable. Tonndorf and Khanna (1972) and Khanna and Tonndorf (1972) were the first to study vibration patterns of the human and cat TM by time-averaged laser holography, at frequencies up to 5 and 6 kHz, respectively. They observed that, in both species, the maximum displacement happens in the posterior region, and for frequencies beyond 2.5 kHz, the simple low-frequency vibration pattern starts to break up and vibration patterns become more complex. Funnell and Laszlo (1982) reviewed other applications of holography (as well as other techniques). Later, Ishihara (1989) observed that the breakup frequency of the human TM "was not affected much" by the crosssectional area of the aditus ad antrum, the sound pressure level, or the volume of the middle ear cavity. Okano (1990) , Suehiro (1990), and Maeta (1991) reported breakup frequencies of 3 kHz for the posterior part and 4 kHz for the anterior part of the dog TM. Wada et al. (2002) used time-averaged laser speckle interferometry to study guinea pig TM vibrations up to 4 kHz. It was seen that complex vibration patterns appear at frequencies above 2.5 kHz.
Point-by-point laser interferometry provides more precise magnitude and phase information than do holographic techniques. Konrádsson et al. (1987) studied vibration of the human TM using scanning laser Doppler vibrometry (LDV) and presented data at 578, 3,107, and 3,113 Hz that were consistent with earlier studies. Decraemer et al. (1989) utilized a homodyne laser interferometer and reported the phase and magnitude for a wide frequency range (130 Hz to 20 kHz) for a few points on the cat pars tensa and manubrium. They observed that, up to 1 kHz, all points on the pars tensa move almost in phase, but beyond that frequency, the phase differences increase and, for frequencies above 5 kHz, each point moves very differently. Decraemer et al. (1999) used an improved interferometer so that the measurements could be done without the need for reflective objects to increase the signal-to-noise ratio, allowing them to measure TM vibrations with a high spatial resolution. They concluded that the motion "looks more like a traveling wave than like a standing wave."
Recently, Rosowski et al. (2009) used time-averaged holography to study TM vibrations up to 25 kHz in human, cat, and chinchilla. They found increasingly complicated vibration patterns for frequencies higher than 0.8 kHz for chinchilla and 2 kHz for cat and human; for frequencies higher than 1 kHz for chinchilla and 4 kHz for cat and human, the patterns were ring-like. Later, using stroboscopic holography, they were also able to study the phase at a few frequencies in human temporal bones (Cheng et al. 2010 ) and interpreted their results as indicating a combination of standing waves and "some smaller traveling-wave like components."
The gerbil is a commonly used species in hearing research. For example, Cohen et al. (1993) investigated the effects of developmental changes on the gerbil umbo velocity response using LDV. Admittance measurements (e.g., Ravicz et al. 1992 Ravicz et al. , 1996 Ravicz and Rosowski 1997; Teoh et al. 1997) and LDV umbo and pars flaccida measurements (e.g., Rosowski et al. 1997 Rosowski et al. , 1999 Lee and Rosowski 2001; Rosowski and Lee 2002) were used to study the gerbil middle and external ears. Quasi-static deformation of the gerbil TM under static pressure was measured in several studies using moiré interferometry (e.g., von Unge et al. 1993; Dirckx and Decraemer 2001) . The gerbil has also been used as an animal model for middle ear infection in several studies (e.g., Fulghum and Marrow 1996; von Unge et al. 1997; Larsson et al. 2005) .
Although there have been many experimental studies of the gerbil middle ear, the only measurements of the vibration patterns of the gerbil TM have been those made at a few points on the pars tensa near the umbo by de La Rochefoucauld and Olson (2010) and postmortem studies in our laboratory (Ellaham et al. 2007; Nambiar 2010) . The present work, therefore, was performed to investigate the vibrations of the gerbil TM more extensively. Measurements were done in vivo using LDV at several locations on the pars tensa, along the manubrium, and on the pars flaccida. All measurements were done with the middle ear cavity both closed and open, but only closed-cavity data are reported here. The open-cavity observations will be reported in a subsequent paper.
MATERIALS AND METHODS

Preparation
TM vibration was measured in vivo in 12 ears of 11 female Mongolian gerbils (Meriones unguiculatus) supplied by Charles River Laboratories (Saint-Constant, Québec, Canada). Body weights were from 64 to 100 g. The study protocol was approved by the McGill University Animal Care Committee.
The animal was weighed and analgesics (buprenorphine 0.05 mg/kg and carprofen 5 mg/kg) were administered subcutaneously. After 15 min, 10 mg/kg xylazine plus 35 mg/kg sodium pentobarbital were given to the animal by intraperitoneal injection. In order to maintain normal body temperature, the gerbil rested on a SnuggleSafe microwave-heated heating pad (Lenric C21 Ltd.) during the whole procedure. A low flow of oxygen was provided to the animal through a tube near the nose. Anesthesia was maintained for several hours of measurements by administering a 5-to 10-mg/kg sodium pentobarbital bolus injection every 45 min. A diluted local anesthetic (lidocaine) was applied on the exposed tissues to control pain locally and to keep the tissue hydrated. A reflex check was done every 5-10 min during the experiment to verify the depth of the anesthesia and, if the animal showed any reaction, an additional dose of 5-10 mg/kg of sodium pentobarbital was injected.
Once the animal reached an appropriate level of anesthesia, the surgery was started. The skin over the skull was excised and a wooden block (2.5×1×1 cm) was attached to the skull with dental cement (IRM, Dentsply Caulk). During measurements, the wooden block was fixed in a positioning device located under the microscope, which was equipped with a vibrometer sensor head. The soft tissues covering the bulla were removed under an operating microscope. Then, a surgical ear drill was used to remove the bony ear canal and expose the TM. To equalize pressure in the bulla, a ventilation hole was made on the bulla away from the TM; to cancel the acoustic effects of the hole, a 15-cm-long polyethylene tube with an inner diameter of 0.58 mm and an outer diameter of 0.96 mm was inserted into the hole. The ventilation tube was checked for patency at the time of insertion by passing a wire through it. Glass-coated plastic beads of 90 to 150 μm diameter with a density of 1.02 g/cm 3 (Sigma-Aldrich, model G4519) were used as targets for the laser. They increased reflection of the laser beam and thus improved the signal-to-noise ratio of the vibrometer signal. The beads also served as markers of the measurement locations. Placing of the beads was done manually under an operating microscope using a paint brush reduced to a single bristle and there were inevitably some differences in bead positioning from ear to ear. In using beads in our measurements and drawing conclusions from our data, we have assumed that the beads stick perfectly to the TM or manubrium and do not move with respect to the surface. Decraemer et al. (1989) showed that their beads followed the underlying structure, and beads have been used by many groups since then (e.g., Bigelow et al. 1996; Qin et al. 2010) .
We used an aluminum acoustic coupler, the interior air space of which had a resonance frequency beyond 10 kHz. A metal washer (9.6 mm O.D., 3.8 mm I.D., 1.1 mm thickness) was attached to the bony ear canal with dental cement and the coupler was attached to the washer, again with dental cement (see Fig. 1 ). At the other end of the coupler, there was a seat for placing an antireflective coated glass window. Euthanasia with sodium pentobarbital overdose was performed immediately after completion of the data collection.
In a few ears, whose results were excluded from this report, upon exposing the TM, we observed liquid drops on the lateral surface of the TM, sitting on the annulus anteriorly and posteriorly, touching the ear canal wall and extending about 20 % of the distance to the manubrium. These drops, which were associated with significant ripples in the frequency responses, might be caused by exudation due to mechanical stimulation of the ear canal, as observed by Emgård and Hellström (1997) in rats.
Instrumentation
A 128-ms linear sinusoidal sweep from 0.2 to 12.5 kHz was used as the stimulus. Sound was delivered by an ER-2 tubephone (Etymōtic Research) into the acoustic coupler through a hole in its wall, and the sound pressure about 2-3 mm away from the TM was picked up by an ER-7C (Etymōtic Research) probe microphone connected through another hole in the coupler wall. A third hole was made in the coupler wall for insertion of a ventilation tube to prevent the buildup of pressure and moisture. Both ER-2 and ER-7C have almost flat magnitude responses in the frequency range of interest. The ER-7C probe microphone was calibrated against a Brüel and Kjaer 1/4-in. model 4939 condenser microphone using a Brüel and Kjaer sound intensity calibrator model 3541. A cubic polynomial and a straight line were fitted to the calibration measurement points below 600 Hz and above 600 Hz, respectively (R 2 =0.995 for each part). A single-point LDV (HLV-1000, Polytec) attached to an operating microscope (OPMI 1-H, Zeiss) was used inside a double-walled audiometric examination room (model C-24, Génie Audio, Saint-Laurent, Québec, Canada), which attenuated acoustical noise. Measurements were performed from a single viewing direction. Owing to animal-to-animal variability of the anatomy and of the experimental procedures, there were slight differences between the measurement angles in different ears. The data-acquisition board of the LDV system used delta-sigma-modulating analog-to-digital convertors (e.g., Aziz et al. 2002 ) with 128 times oversampling, which avoided aliasing. An effective sampling frequency of 25 kHz was used. An extremely flat, linear-phase, low-pass digital filter automatically adjusts its cutoff frequency to remove frequency components above half the requested sampling rate. The frequency range of interest in this study is 200 Hz to 10 kHz. 
Measurement and analysis procedures
Measurements always started with the middle ear cavity closed, that is, with a small ventilation hole and a ventilation tube in place, as described in the "Preparation" section. Before collection of the vibration data began, the probe microphone signal recorded near the TM was inspected to ensure the absence of any acoustical artifacts. To assess the noise floor, the laser beam was pointed at the acoustic coupler or at the cavity wall and the resulting vibration signal was compared with the signal measured from the bead at the umbo. The umbo response was always 30 and 40 dB above the noise floor for frequencies higher than 400 and 600 Hz, respectively. Averaging (20 to 60 times) was used to reduce the lowfrequency noise that mainly influenced responses in the frequency range of 200 to 300 Hz. The frequency response function was estimated as the cross-spectral density of the excitation and response signals divided by the power spectral density of the excitation signal. The linearity was checked by varying the sound stimulus amplitude and ensuring that the normalized displacement magnitudes at the umbo remained the same.
To minimize drying effects, we covered the exposed bulla between the soft tissue and the acoustic coupler with a cotton pad moistened with diluted lidocaine solution (our local anesthetic as described in the "Preparation" section). The cotton was remoistened every half hour.
In each ear, three or four target beads were placed on the manubrium. One bead was placed approximately at the center of the pars flaccida. Up to three beads were placed on each of the posterior and anterior parts of the pars tensa at the level of the middle of the manubrium, and a few more were placed in the region just posterior, anterior, and inferior to the umbo. The picture of the TM shown on the left-hand side of Figure 2 is focused on the beads inferior to the umbo on the pars tensa, while the picture on the right is focused on the beads at the level of the middle of the manubrium on the pars tensa.
One or two reference beads were always measured at both the start and the end of the measurements on the beads in each region. These reference measurements were used to screen the results both for gradual temporal effects and for possible abrupt changes due to unwanted changes in the system. For points around the umbo on the pars tensa and for points along the manubrium and on the pars flaccida, the umbo was taken as the reference. For points across the manubrium, both the umbo and the closest bead on the manubrium were taken as reference points. The signal from each bead was recorded several times in a row to confirm repeatability, but only the first recorded signals have been reported here.
A 1,600-line FFT was used to transfer the recorded vibrometer and microphone time domain signals to the frequency domain. A two-pass (forward and reverse) moving-average filter with a window length of five was applied to the real and imaginary parts of the complex signal, and the magnitude and phase responses were then calculated from the filtered complex signal. Such calculated phases are "wrapped" within a range of 360°and their unwrapping can be uncertain in the presence of noise and rapid phase changes. We have checked the configuration and continuity of the Nyquist plots (Cartesian plots of the real part vs. the imaginary part of the complex response) to increase our confidence in the validity of the phase unwrapping process. Examples of Nyquist plots are given in Figure 8 and discussed in the "Appendix".
RESULTS
Effects of using beads
The mass of the beads used as reflective targets may affect the behavior of the TM. The effect of adding beads was assessed in four ears. First, we placed one bead on the umbo and another one on the posterior or anterior part of the pars tensa and recorded the vibrometer signals at these two points; we then successively added up to four more beads near the first bead on the pars tensa. To have access to the pars tensa for adding each bead, we had to remove the acoustic coupler, place the bead, and then seal the coupler again. After the addition of each bead, we measured the motion of the first pars tensa bead and of the umbo bead. These measurements were done postmortem. We observed that, with the addition one at a time of up to four additional beads at one location, structures in the response shifted to higher frequencies due to temporal effects, but differences between the shifted structures remained within 3 dB and 10°. In our regular experiments, we placed no more than three beads on the pars tensa on each side of the manubrium and left some distance between them (about 100 μm) so the response of the pars tensa is not expected to be greatly modified. We were not able to do measurements without any beads on the pars tensa, so these data do not address what happens as the first bead is added to the pars tensa.
In using beads in our measurements and drawing conclusions from our data, we have assumed that the beads stick perfectly to the TM or manubrium and do not move with respect to the surface. Decraemer et al. (1989) showed that the beads follow the underlying structure, and beads have been used by many groups since then (e.g., Bigelow et al. 1996; Qin et al. 2010 ).
Repeatability and temporal effects
Our data show a high degree of short-term repeatability in all ears. Except on very rare occasions, the repeat average magnitudes and phases within 5 min were within 1 dB and 3°of the first average, except above the breakup frequency on the pars tensa where they were usually within 2 dB and 7°. For the sharpest features, the differences were sometimes up to 5 dB and 12°, but the shapes of the frequency responses were essentially unchanged.
Dehydration of the middle ear structures is probably one of the main mechanisms that affect longterm repeatability. Drying is caused by altering the normal physiological conditions, by removal of the cartilaginous ear canal and the soft tissues covering the bulla, and manifests itself in the frequency response data as a decrease in magnitude and a frequency shift of the response features to higher frequencies (Voss et al. 2000; Ellaham et al. 2007 ). In the closed-cavity condition, over a time span of 90 min, most features of the umbo response typically showed a maximum shift of about 2 Hz/min to higher frequencies, a maximum magnitude decrease of about 0.2 %/min, and a maximum phase change of about 0.02°/min over the entire frequency range of interest. The umbo response feature caused by the pars flaccida, consisting of a magnitude minimum and a phase maximum as discussed in the "Low frequencies" section under "Umbo and pars flaccida vibrations", moved to higher frequencies at a somewhat higher rate (approximately 3 Hz/min). Teoh et al. (1997) also reported faster changes with drying for this feature.
Umbo and pars flaccida vibrations
The response of the umbo is better understood when it is compared with the pars flaccida response, so we present both responses together. Responses are reported for two different pars flaccida conditions: when it is naturally flat and when it is retracted into the middle ear cavity.
Low frequencies. In some of our experiments, the normally flat pars flaccida was retracted into the middle ear cavity. A retracted pars flaccida has an obvious inverted dome-like geometry when examined under the microscope. Typical responses of a flat pars flaccida (gerbil K) and of a retracted pars flaccida (gerbil J) are presented in Figure 3 , together with the corresponding umbo responses. In both the flat case and the retracted case, the pars flaccida and the umbo both had a flat magnitude response below 300 Hz and both had a phase of about 0°at up to 700 Hz. The response of the flat pars flaccida in Figure 3 shows a resonance peak at 850 Hz with a width (full width at half maximum) of 220 Hz. In the ears with a flat pars flaccida, the resonance peak was observed to be between 500 and 900 Hz with a width of 140 to 270 Hz. The resonance of a flat pars flaccida corresponds to a minimum and a more or less shallow maximum in the umbo magnitude response, seen at 750 and 950 Hz, respectively, in Figure 3 , and a maximum in the umbo phase response, seen at 840 Hz in Figure 3 . In contrast, the response of the retracted pars flaccida in Figure 3 shows a gentle increase in magnitude from 300 Hz up to a small peak at about 850 Hz. This small peak is located between 850 and 1,700 Hz in different ears with a retracted pars flaccida. In this ear, the almost flat magnitude response of the umbo continues up to about 600 Hz and is then followed by a gentle rise up to about 1,650 Hz. In ears with a retracted pars flaccida like gerbil J in Figure 3 , the magnitude response is smaller than that in ears with a flat pars flaccida; it is even smaller than that of the umbo. For example, in Figure 3 , at 300 Hz, the displacement magnitude of the retracted pars flaccida is 35 nm/Pa, which is much less than the 500 nm/Pa of the flat pars flaccida and less than the 70 nm/Pa of the umbo. Figure 4 shows umbo displacement responses for 12 gerbil ears. The responses at low frequencies show an almost flat response, except in a few ears at the lowest frequency, and a phase close to zero (within 30°), which is characteristic of a stiffness-dominated system. In seven ears (gerbils A, B, F, G, I, and J, with dashed lines in Fig. 4) , the pars flaccida was retracted into the middle ear cavity. At 300 Hz, the magnitudes in this group ranged between 50 and 90 nm/Pa. In the other five ears (gerbils C, D, E, H, and K, with solid lines in Fig. 4 ), the pars flaccida was flat and a distinct feature was observed in the umbo magnitude response, with a magnitude minimum between 400 and 700 Hz and a phase maximum between 450 and 750 Hz. The magnitudes at 300 Hz in this group ranged between 45 and 60 nm/Pa, mostly lower than in the group with a retracted pars flaccida. Note that, for gerbil K, the umbo response shown in Figure 4 was measured about 95 min later than the one shown in Figure 3 . Temporal effects changed the resonance frequency of the pars flaccida, so in Figure 4 , the umbo response feature related to the pars flaccida is about 300 Hz higher in frequency than it is in Figure 3 .
The magnitude-minimum/phase-maximum feature in the umbo response became gradually less distinct with a greater degree of retraction. For example, the pars flaccida in gerbil D was partially retracted and a shallow minimum in the umbo magnitude response is still visible at 610 Hz in Mid and high frequencies. As shown in Figure 3 , near and above the resonance of the flat pars flaccida, its phase departs from that of the umbo. The pars flaccida displacement remains higher than that of the umbo up to about 4.5 kHz, except around 2.2 kHz where it shows a sharp and deep antiresonance. This antiresonance was absent in some ears (e.g., gerbil E, not shown here). When the antiresonance is present, it causes a phase shift of almost half a cycle (180°). At higher frequencies, in this animal, the pars flaccida magnitude went down to about the level of that of the umbo, while in other animals, the pars flaccida magnitude was as much as 7.5 dB lower than that of the umbo. In the response of the retracted pars flaccida of Figure 3 , the phase follows the umbo phase closely up to 3.5 kHz, except for a divergence with a minimum at about 1 kHz, but at higher frequencies, the phase difference increases up to about 70°at 10 kHz. The 1-kHz minimum of the divergence in the pars flaccida phase is accompanied by a minimum in the magnitude at a slightly higher frequency. A similar behavior in both magnitude and phase was seen in all ears, with phase minima in the range of 1 to 1.7 kHz. Figure 4 shows that, for both flat and retracted pars flaccida, the umbo response has a rather broad resonance with a peak between 1.6 and 2.0 kHz. The maximum displacement at the resonance is from 90 to 190 nm/Pa. The ratio of the displacement at the resonance peak to the displacement at the low-frequency asymptote is from 1.6 to 2.1 in different ears. We quantify the width of the resonance as the full width at half maximum of the velocity response. (We use velocity because, for the displacements, the low-frequency magnitude is sometimes greater than the half-maximum magnitude.) The width computed in this way varies from 1.5 to 2.8 kHz in the different ears.
For frequencies above the resonance frequency, the umbo magnitude generally decreases with increasing frequency, but with substantial irregularities. These irregularities typically have bandwidths of a few hundred hertz, magnitude changes of a few decibels, and phase changes of a few tens of degrees; these changes are quite stable in time and are much larger than the short-term variations described in the "Repeatability and temporal effects" section. In the range of 8.5 to 9.1 kHz, three ears (gerbils F and G) show a distinct maximum and six ears (gerbils A, C, D, H, J, and K) show a distinct minimum. Ravicz et al. (1992) and Teoh et al. (1997) also reported a gerbil middle ear resonance frequency of about 2 kHz in their impedance and admittance measurements. The three studies mentioned in the "Low frequencies" section presented mid-frequency and high-frequency response shapes that, when converted to displacement, are similar to those presented here. At the resonance peak,  These are lower than the ranges reported in the current study but, as mentioned in the "Low frequencies" section, values from these two studies that involved pressure sweeps can be compared with our results only with caution. Figure 5 shows manubrial displacement responses for gerbil H. We measured the umbo displacement at the start of the measurement series (black curve) and, to check for temporal effects, we measured it again 32 min later at the end of the series (gray curve).
Manubrial vibrations
Comparison of the two umbo responses shows that the details were almost completely preserved, indicating that temporal effects were very small over the time period required to measure all of the points on the manubrium. As mentioned in the "Low frequencies" section under "Umbo and pars flaccida vibrations", the state of the pars flaccida in this ear changed from flat (Fig. 4) to retracted (Fig. 5) . As seen in this figure, all points along the manubrium moved in phase with each other (within 5°) up to at least 5 kHz, while the magnitude increased from the lateral process to the umbo. Similar differences along the manubrium were observed in all ears. This gradual increase is consistent with the classical view of rotation of the malleus around a fixed axis of rotation.
In order to estimate the position of the axis of rotation from the experimental data, we used an improved version of the 3-D gerbil middle ear model of Gea et al. (2009) , reconstructed based on a micro-CT dataset. We oriented the model to correspond to the angle of view in our experiments and then used it to estimate the distances between the measurement locations on the manubrium. Using the ratio of the displacement magnitude of the umbo to that of the lateral process of the malleus (Fig. 5) averaged over the frequencies from 0.3 to 4 kHz and using distances taken from the model, the low-frequency axis of rotation was estimated to be approximately 1.7 mm superior to the lateral process of the malleus, measured along an extension of the line from the umbo to the lateral process (as projected onto the plane perpendicular to the direction of the laser beam). In the 3-D model, the anatomical axis of rotation (running from the tip of the anterior mallear process to the posterior incudal ligament) is estimated to lie approximately 1.9 mm superior to the lateral process of the malleus (measured along a line in the same direction as described previously). This is quite comparable to the value of 1.7 mm found from the experimental data. It should be noted that, for an accurate estimation of the location and orientation of the axis of rotation, 3-D measurements like those of Decraemer et al. (1994a Decraemer et al. ( , 2011 are required.
In our results, for frequencies higher than 5 kHz, the trend continues of increasing displacements from the lateral process to the umbo, but phase differences among the points along the manubrium start to become more evident, with the phase difference between the umbo and the short process increasing with frequency up to about 19°at 10 kHz. In Figure 4 -B of de La Rochefoucauld and Olson (2010), a phase difference of about 7°at 5 kHz and a maximum phase difference of about 15°between the umbo and the lateral process in the range of 5 to 10 kHz can be seen, which is comparable to the findings here. They observed much greater phase differences at frequencies beyond those considered here.
These differences in phase indicate mode changes of the malleus and flexing of the tip of the manubrium at high frequencies, as can be seen in Figure 6 for gerbil H (as in Fig. 5 ) and gerbil K. In this figure, the displacements of the points on the manubrium are drawn for four frequencies and for seven equally spaced time instants within each cycle. The manubrium appears to be moving more or less as a rigid body with a fixed axis of rotation at the lowest frequency (400 Hz). In gerbil H at 1,600 Hz, the manubrium again appears to be almost rigid and the axis of rotation is again almost fixed at the same position as for 400 Hz. At this frequency in gerbil K, however, the axis of rotation clearly moves throughout the cycle. Non-straight lines seen at 8,600 and 9,500 Hz can be attributed to flexing in the region of the umbo, changes in the rigid-body vibration mode of the malleus, or both. Our data are consistent with a recent study by Decraemer et al. (2011) in which complex motions of the gerbil malleus were observed.
Pars tensa vibrations
As described in the "Measurement and analysis procedures" section, vibrations of the pars tensa were studied by placing beads on its posterior and anterior parts at the level of the middle of the manubrium and in the region just posterior, anterior, and inferior to the umbo.
Low-frequency response. Figures 7 and 8 illustrate vibrations at the level of the middle of the manubrium in gerbils G and J. These figures show that points on the pars tensa and the manubrium move in phase up to about 2 kHz. The relationships among the magnitudes at the different points are more clearly shown in Figure 9 , with the magnitudes of the pars tensa points in all ears, normalized by the respective displacements at the manubrium, at a low frequency (0.5 kHz). All curves have a minimum at the manubrium and, for approximately the same distances from the manubrium, beads on the posterior side show larger displacements than the ones on the anterior side. Note that, although the relative positions of the beads are approximately constant from ear to ear, we did not measure the actual distances between the measurement points, so the curves are presented based on bead numbers rather than positions.
High-frequency response. Beyond 2.1 kHz in Figure 7 and 1.9 kHz in Figure 8 , different points of the pars tensa move out of phase with each other and the manubrium and show frequency-dependent magnitude differences, indicating that the simple vibration pattern has broken up. Table 1 shows the breakup frequencies for all ears, based on the frequency at which the phase curves for different points diverge by more than 15°(five times the shortterm repeatability described in the "Repeatability and temporal effects" section).
Because of the length of the experiment and the difficulty of keeping the animal alive, measurements on both ears could only be done in one animal (gerbil G). Table 1 shows that both the resonance frequencies and the breakup frequencies of the two ears of this animal were very similar. Figure 10 shows the pars tensa motions at the level of the middle of the manubrium in two ears at seven time instants throughout the cycle for four frequencies. In this figure, displacements were normalized by the displacement magnitudes at the manubrium. The first row shows the low-frequency displacement at 0.5 kHz, with points moving in phase and displacement increasing when moving further away from the manubrium, similar to what was seen in Figure 9 . The second row shows the displacements at the onset of breakup as defined earlier. At this frequency, the magnitude envelopes are still similar to the ones at low frequencies, but phase differences between points start to make the displacement pattern more complex. The last two rows show displacements at frequencies 1.3 and 1.5 times the breakup frequencies, respectively, that is, at 2.7 and 3.2 kHz for gerbil H and at 3.6 and 4.2 kHz for gerbil K. At these frequencies, the anterior and posterior parts vibrate in very different ways. In the posterior part, a displacement maximum appears at the second point from the manubrium. At the frequencies shown here, the phase differences seen from point to point indicate that there is no pure standing wave.
In addition to pars tensa points at the level of the middle of the manubrium, Figure 8 also shows the response of a point inferior to the umbo. The magnitude of motion of this point is comparable to the magnitudes of other points on the pars tensa, while its phase stays closer to that of the manubrium up to higher frequencies (within 16°up to about 4 kHz). Figure 11 provides more data about the vibrations of the pars tensa in the region of the umbo for gerbil F. This figure confirms that, similar to responses of the pars tensa points at the level of the middle of the manubrium, responses in this region break up beyond a particular frequency. In this ear, a breakup frequency of 2.3 kHz is seen in the figure, which is the same as for points at the level of the middle of the manubrium pressure, at locations in a line perpendicular to the manubrium, at the umbo, and at a location inferior to the umbo in gerbil J. The inset shows the Nyquist plots for three anterior pars tensa points in the frequency range of 3,078 to 4,922 Hz, as discussed in the "Appendix."
(not shown). The similarity of the phase in the inferior region to that at the umbo, seen in Figure 8 beyond the breakup frequency, is not seen here but was observed in some other ears.
DISCUSSION
Umbo and pars flaccida responses Kohllöffel (1984) performed anatomical measurements of the pars flaccida and suggested that, among other possible roles, the pars flaccida may act as a shunt around the pars tensa at low frequencies in some species. Teoh et al. (1997) adapted Kohllöffel's generic circuit model to the gerbil middle ear and determined model parameters based on their admittance measurements. They showed that the large pars flaccida in this species is responsible for reducing the hearing sensitivity around the pars flaccida resonance frequency, which is between 500 and 900 Hz in our observations, and at lower frequencies.
Our results confirm that a flat pars flaccida has larger displacements than the umbo, as was observed by Rosowski et al. (1997) , and also show that it has larger displacements than the pars tensa in this low-frequency range. A flat pars flaccida is manifested by the presence of a distinct feature in the umbo response below 900 Hz: as the frequency approaches and passes the pars flaccida resonance frequency, the umbo magnitude response passes through a minimum and the phase passes through a maximum. Above its resonance frequency, the motion of the pars flaccida is more or less massdominated, and as it rolls off, its effect on the umbo response becomes negligible.
Near and above its resonance, the phase of the flat pars flaccida departs from that of the umbo and its magnitude remains higher up to about 4.5 kHz, except for an antiresonance in some ears. This antiresonance was not observed in all ears, presumably because it is very sensitive to the location of the bead near the center of the pars flaccida: a small difference between the bead locations from one ear to the other may cause the presence or absence of this feature. For frequencies higher than 4.5 kHz, the pars flaccida magnitude is either lower than or at the same level as that of the umbo. When the pars flaccida is retracted inside the middle ear cavity, it becomes stiffer and cannot play its normal role of shunting low-frequency sound around the pars tensa. In this situation, at low frequencies, the umbo response looks like the response of a stiffness-dominated system. This is consistent with earlier observations of an artificially stiffened pars flaccida Rosowski and Lee 2002) .
The phase of the retracted pars flaccida shows a divergence from that of the umbo at about 1.0 to 1.7 kHz accompanied by a minimum in the magnitude. Modeling studies may shed some light on the cause of this behavior. For frequencies beyond this feature, the response of a retracted pars flaccida is more or less like a mass-dominated system.
The umbo magnitude response shows a relatively broad resonance at about 2 kHz, indicative of heavy damping, followed by an overall decrease with irregularities. These irregularities are presumably the result of complex motions of the pars tensa (see the "Pars tensa vibrations" section) and of the ossicular chain (Decraemer et al. 2011 ).
Pars flaccida retraction
Some of the ears in this study had a retracted pars flaccida. (During measurements in two ears, we noticed that, over a time interval of about 1 min, the initially flat pars flaccida became retracted into the middle ear cavity.) So far, we have not been able to control the shape of the pars flaccida in vivo. Nambiar (2010) carried out a postmortem study on the gerbil TM in which rapid euthanasia by a carbon dioxide overdose was performed before the surgery was started. In that study, the pars flaccida was always flat and the pars flaccida effect was always evident in the umbo responses. Effects on the umbo response that are similar to those of pars flaccida retraction can be produced by applying static pressure to the middle ear cavity (Lee and Rosowski 2001) or by immobilizing the pars flaccida Rosowski and Lee 2002) . In the impedance measurements of Ravicz et al. (1992) , the distinctive umbo response feature caused by the pars flaccida was absent except in one ear. Teoh et al. (1997) attributed this absence to the effects of drying because Ravicz et al. (1992) did not moisten the pars flaccida. However, we also did not moisten the pars flaccida, and drying did not eliminate the pars flaccida effect. Therefore, it may be that the pars flaccida was retracted in most of the (1992) measurements but that the retraction was not noticed.
It has been seen in different species that, in the presence of liquid in the middle ear cavity, the pars flaccida is retracted into the cavity (e.g., Tos and Poulsen 1980, in humans; Stenfors et al. 1981, in rats; Larsson et al. 2005 , in gerbils). Such retractions might have been caused by the development of negative pressures inside the cavity. Indeed, only a very small pressure is needed to retract the pars flaccida (Dirckx et al. 1998) . Although negative pressure can initiate the retraction, it cannot be responsible for keeping the membrane retracted in our case because equalization of the middle ear pressure by creation of a ventilation hole in the cavity wall did not cause the flat shape to be recovered. Although we checked that our ventilation tubes were patent when inserted, as mentioned in the "Preparation" section, it is possible that they became blocked at some point in the two ears in which a previously flat pars flaccida became retracted after creation of the ventilation hole and insertion of the ventilation tube. However, removing the ventilation tube as soon as the retraction happened did not change the state of the pars flaccida. Indeed, we have observed that applying a positive static pressure to the ventilation tube moves the pars flaccida back to its natural flat state and causes the pars flaccida contribution to the frequency response to be recovered, but when the pressure is released, the pars flaccida is retracted again. The surface tension of a liquid film that forms on the cavity wall near the pars flaccida may pull it inward and keep it retracted. When the liquid film behind the pars flaccida is removed, the flat shape is recovered and maintained, but this removal requires a wide opening of the cavity wall, which cannot be done until the very end of our data collection protocol. The removal also carries the risk of tearing the pars flaccida.
In the literature, different mechanisms have been suggested as being responsible for the emergence of liquid in the middle ear cavity. One of those mechanisms is the development of negative pressure inside the cavity. Flisberg et al. (1963) showed that, with a negative pressure of 20-30 mmHg, 15 min was enough for transudation to start in the human ear. Hiraide and Paparella (1972) and Hiraide and Eriksson (1978) reported that as little as 1 min at −5 mmHg in guinea pigs caused transudation. Hutchings (1987) applied negative pressure in the gerbil middle ear cavity for 30 to 90 min and observed that any pressure more negative than −11 mmHg caused transudation.
In our experiments, we used pentobarbital, which is known to disable the muscles of the eustachian tube (e.g., Doyle et al. 1995) . Zheng et al. (1997) reported that pentobarbital caused negative middle ear pressure in gerbils, and they suggested that this might be due to the inactivity of the tube muscles. Occlusion of the eustachian tube is thus one of the candidates for causing the development of a negative pressure in the cavity and the subsequent accumulation of liquid. A good description of the underlying mechanism of the gas exchange process can be found in Sadé and Ar (1997) .
Theoretically, nitrogen partial pressure dominates the gas exchange process in the long term and, even without a functional eustachian tube for the length of our experiments, it should not allow the development of large enough negative pressures to cause transudation. Doyle et al. (1999) measured the trans-mucosal gas exchange rate of nitrogen and calculated that opening of the eustachian tube once a day is enough to prevent middle ear effusion in monkeys. When Hiraide and Paparella (1972) closed the eustachian tube in guinea pigs and monkeys, they found that transudation did not occur in less than 24 h. Although these two studies suggest that negative pressures that are large enough to initiate transudation should not build up in short periods of time after eustachian tube occlusion, Eriksson et al. (2003) reported liquid in the middle ear within only 3 h of the occlusion of the eustachian tube in rats, which is consistent with the retraction of the pars flaccida during our experiments.
Another factor in our experiments is that the stream of oxygen that we kept in front of the animal's nose might have affected the gas exchange by causing hyperventilation, hyperoxia, and/or hypocapnia. It would be necessary to monitor the animal's respiration to confirm this.
Yet other mechanisms might be responsible for the emergence of liquid in the cavity. Alm et al. (1983) demonstrated that mechanical scratching of the external ear canal in rats caused the emergence of liquid in the cavity and the ear canal and retraction of the pars flaccida within 30 min. They also showed that irritation of the ear canal with an airflow of 5 L/min at 15°C had the same effect. Later, Hellström et al. (1985) studied the effect of airflow temperatures of 14, 24, and 34°C and concluded that the phenomenon is temperature-dependent with the greatest effect at 14°C and no effect at 34°C, which is the normal temperature for the ear canal. Although their study emphasized the impact of temperature and they mentioned the similarity of the response to that of the mucosa of the bronchi and nasal cavity, they still attributed these effects to the irritation of the ear canal and not to the possibility of a temperaturerelated response of the middle ear mucosa caused by conductive heat transfer across the TM.
Our experiments involve both mechanical stimulation of the external ear and changes in temperature inside the middle ear cavity and ear canal. The temperature changes are caused by inserting the ventilation tube, which introduces air at room temperature into the cavity, and by removing the cartilaginous ear canal and attaching an aluminum coupler, the high thermal conductivity of which keeps the canal environment near room temperature.
In summary, although negative pressure may initiate pars flaccida retraction, we think that formation of a liquid film near the pars flaccida may be the cause of maintenance of the retraction and possibly also for its initiation. One or more of the mechanisms discussed previously may be responsible for the emergence of liquid in the middle ear cavity in our experiments. It remains unexplained, however, why retraction of the pars flaccida does not occur in some gerbils. Since the pars flaccida influences the responses of the manubrium and pars tensa, its status is very important for the interpretation of the measurements.
Manubrial response
The results presented here show that, for frequencies up to at least 5 kHz, the displacement magnitude increases from the lateral process to the umbo and all manubrial points move in phase with each other. The location of the axis of rotation that was calculated from experimental results at low frequencies was shown to be close to the location of the anatomical axis of rotation in a reconstructed 3-D model of the gerbil middle ear. Beyond 5 kHz, although the trend of increasing magnitudes is preserved, there is an increasing phase difference with frequency that may indicate a change of the vibration mode of the malleus and some flexing of the tip of the manubrium consistent with observations in the cat (Decraemer et al. 1991 (Decraemer et al. , 1994b and, more recently, in the gerbil (Decraemer et al. 2011) . The flexing of the manubrium in the cat has been shown to be consistent with the geometry of the manubrium and with plausible material properties (Funnell et al. 1992) , but a similar analysis has not been done for the gerbil. Changes in the vibration mode of the malleus are compatible in principle with the elastic suspension of the ossicles but have not yet been modeled quantitatively.
Pars tensa response
At low frequencies, we observed a fundamental mode with all pars tensa points moving in phase with the manubrium. The magnitude at the manubrium is lower than that on the pars tensa, and the posterior side tends to have larger displacements than the anterior side. The vibration pattern becomes more complex at higher frequencies, which is consistent with previous experimental results (e.g., Khanna and Tonndorf 1972) and modeling results (e.g., Funnell 1983). The breakup occurred between 1.8 and 2.8 kHz in the ears studied here, which is similar to what has been found in other species. These observations will be important for the development and validation of middle ear finite-element models for the gerbil, in conjunction with the 3-D ossicle measurements of Decraemer et al. (2011) .
